Imaging mouse models of cancer with reporter transgenes has become a relatively common experimental approach in the laboratory, which allows noninvasive and longitudinal investigation of diverse aspects of tumor biology in vivo. Our goal here is to outline briefly the principles of the relevant imaging modalities, emphasizing particularly their strengths and weaknesses and what the researcher can expect in a practical sense from each of these techniques. Furthermore, we discuss how relatively subtle modifications in the way reporter transgene expression is regulated in the cell underpin the ability of reporter transgenes as a whole to provide readouts on such varied aspects of tumor biology in vivo.
INTRODUCTION
The past few decades have seen important advances in our ability to image small animals noninvasively in the laboratory. These have been driven largely by the development of preclinical versions of wellestablished clinical imaging modalities such as MRI (magnetic resonance imaging), PET (positron emission tomography), and ultrasound, as well as other exclusively preclinical modalities such as bioluminescence imaging (BLI). In the preclinical setting, reporter transgenes have proved very useful, in conjunction with several of these small-animal imaging modalities, as a way to generate or enhance gene-expression-dependent image contrast. They provide a means to enhance our ability to detect and monitor populations of labeled cells in vivo, without the need to perform invasive or terminal procedures. In the context of cancer models, reporter transgenes have been instrumental in enabling investigation of diverse aspects of tumor biology noninvasively in vivo. Improvements in our ability to measure dynamically tumor-related parameters, such as growth, metastasis, and proteinprotein interactions, have transformed the way that mouse models of cancer can be used for investigations of tumor etiology and also for applied research, such as the development of new cancer therapeutics.
The physical basis of the relevant imaging modalities is discussed elsewhere. The aim of this article is to highlight, in a practical sense, the various ways that reporter transgenes can be used to image mouse models of cancer. The imaging modalities relevant to reporter transgenes will be outlined briefly and the approaches that can be employed to produce a diverse range of reporter-based biological readouts will be discussed.
WHAT IS A REPORTER TRANSGENE?
Reporter transgenes encode proteins that are capable of enhancing the identification of labeled cells, or of a specific cellular behavior, among a population of unlabeled cells. There are many characteristics of a protein that determine whether it is a good in vivo reporter. These include that its expression confers robust and reporter-specific positive contrast (such that the signal is at least an order of magnitude greater than the noise) and that its expression and function are nontoxic, do not affect normal cellular behavior, and can be quickly detected and quantified at both cellular and macroscopic levels. For certain experimental applications, it might also be desirable that the reporter function as a monomer is not too large (<50 kDa) and is amenable to fusion with other peptides. No reporter transgene currently satisfies all of these criteria-therefore, the reporter and imaging modality need to be chosen on the basis of specific experimental requirements (see Table 1 ).
A BRIEF OUTLINE OF THE RELEVANT IMAGING MODALITIES Bioluminescence Imaging
Bioluminescence imaging (BLI) of mammalian cells relies on the detection of light produced by the enzymatic oxidation of an exogenous substrate. A key reason why BLI is considered the most sensitive preclinical imaging modality is because these bioluminescent enzymes do not occur naturally in mammalian cells and, consequently, background bioluminescence emanating from nonlabeled cells is very low. Multiple bioluminescent enzymes, derived from a range of insects and marine creatures, have been described that are capable of expression and light production in mammalian cells. These enzymes can be broadly separated into two substrate classes: those that oxidize luciferin and those that oxidize coelenterazine (see Fig. 1 ). As these substrates do not cross-react with enzymes of the other class, dual-labeling strategies are possible whereby two biological parameters can be monitored sequentially and noninvasively in vivo. By far the most commonly used bioluminescent enzyme to date is firefly (Photinus pyralis) luciferase. This enzyme was one of the first to be used for BLI of mammalian cells in vivo, but has retained its popularity owing to its relatively bright and red-shifted emission and the ease with which its substrate luciferin is handled, administered, biodistributed, and tolerated. Other commonly used bioluminescent enzymes include Renilla (Renilla reniformis) and more recently Gaussia (Gaussia princeps) luciferase, the latter being naturally secreted by the cell. Both of these enzymes use coelenterazine as a substrate and do not require ATP to generate bioluminescence. These enzymes therefore permit imaging strategies to measure biological parameters in the extracellular space, which the luciferin-oxidizing enzymes cannot do. Taken in a different biological context, however, the ATP requirement of firefly luciferase can be viewed as highly advantageous, as only viable cells can generate light. Therefore, the cytotoxic activity of new anticancer therapeutics can be assessed within 24 h when using these reporters, which in most cases is significantly faster than observation of gross changes in tumor morphology.
Key Features of BLI
BLI is generally considered the most sensitive in vivo preclinical imaging modality currently available, and, when conditions are optimal, it has been shown to be capable of detecting one to three cells residing subcutaneously within a mouse (Rabinovich et al. 2008; Kim et al. 2010) . Not all bioluminescence experiments conform to these optimal conditions, however, and the main factors affecting imaging sensitivity are (i) the extent of transgene expression, (ii) the depth of overlying tissue, and (iii) background arising from proximity to other sources of bioluminescence. Addressing the first point is simple: As luciferase expression is in most cases well tolerated, one can use cells with high levels of expression. For the second point, overlying tissue is not optically transparent and the wavelengths of light generated by common luciferase reporters (460 nm to 580 nm) are prone to absorption and scatter by this tissue, such that imaging sensitivity drops approximately 10-fold per centimeter of tissue depth. Fortunately, this is about the limit of tissue depth for any mouse model as, any deeper, and the mouse can simply be turned over and imaged from a different aspect. Highly pigmented organs, blood, and dark fur also absorb light and can significantly compromise imaging sensitivity.
The third point is relevant when attempting to detect metastases in vivo and the primary luciferase-expressing tumor has developed to a large size and produces a lot of light. If the primary tumor is distant from the site of metastasis development, physical shielding of the primary tumor from the camera can aid visualization of small metastases. Shielding is not possible for metastases close to the primary tumor; however, it might be possible to improve metastasis detection by surgically removing the primary tumor. Alternatively, metastatic frequencies can be determined at the end of an experiment as isolated organs retain bioluminescence and can be imaged for up to 30 min ex vivo. This third point is also a relevant concern when attempting to image tumors arising in genetically engi- neered mouse (GEM) models, where luciferase is expressed by a large number of nontransformed cells, as will be discussed later.
BLI is also a rapid imaging modality. Up to five mice can be imaged simultaneously and a typical scan takes less than a minute to acquire (ranging from 1 to 300 sec, depending upon the level of signal). As mentioned later, BLI is also highly versatile, and many different aspects of tumor biology can be investigated, depending upon how expression of the luciferase enzyme itself is regulated.
Immediately before imaging, the animal is injected with a bioluminescent substrate. Luciferinoxidizing enzymes (e.g., firefly luciferase) exhibit relatively slow "glow" kinetics and the substrate can be injected intraperitoneally (i.p.). Biodistribution is relatively rapid, and, depending on the location of labeled cells in the body, peak levels of bioluminescence are usually reached 10-14 min after injection. The intensity of light emission then falls slowly, to reach undetectable levels within 2 h. Coelenterazine-oxidizing enzymes exhibit relatively fast "flash" bioluminescence kinetics, and intravenous (i.v.) injection of the substrate is preferred to achieve faster biodistribution (even though i.v. administration likely limits the total number of imaging sessions per experimental subject). Coelenterazine can also be injected i.p., but, as this substrate is prone to auto-oxidation, i.p. injections can give rise to the appearance of a bioluminescent "pool" of low-intensity background light emanating from the abdomen of the mouse irrespective of whether labeled cells are present.
Fluorescence Imaging
Conventional fluorescence imaging of a dye, probe, or reporter transgene product all rely on the following principal-that the fluorescent material is excited by light energy of a specific wavelength, which in turn is then released in the form of light with a longer wavelength and also heat (by contrast, multiphoton microscopy utilizes longer-wavelength excitation to produce shorter-wavelength emission plus heat). It is the emitted longer-wavelength light or fluorescence that is detected in conventional fluorescence imaging.
In terms of fluorescent reporter transgenes, a broad palette of colors has been made available to the research community (Shaner et al. 2004) , making it theoretically possible to monitor multiple biological parameters in the same cell. These reporters can simply be used to label a defined cell type or biological parameter or they can be fused to other peptides of interest to measure specific proteinprotein interactions or localization within the cell (as discussed later).
Two main fluorescence-based techniques have been developed that are suitable for in vivo imaging with reporter transgenes-one on the subcellular scale termed intravital microscopy and the other a macroscopic whole-animal imaging technique (Fig. 2) . A significant advantage of fluorescence imaging over other in vivo imaging approaches is the ability to generate sufficient signal to visualize single cells directly with subcellular resolution. Intravital microscopy, achieved with multi-photon excitation (Entenberg et al. 2011) or by spinning disc confocal microscopy (Egeblad et al. 2008) , has revolutionized our ability to visualize cellular behavior directly in vivo. The technique allows direct visualization of the interactions of distinct cell populations, each labeled with a unique fluorescent color, within the tumor microenvironment. This approach has proved extremely valuable for direct visualization of the early extravasation stages of metastasis, as well as tumor cell interactions with the microenvironment and the behavior of immune cells within the tumor (Kedrin et al. 2008; Giampieri et al. 2009; Egeblad et al. 2010; Nakasone et al. 2012) .
Clearly, direct visualization of tumor cell behavior in vivo is a powerful means for advancing our understanding of tumor biology. A downside, however, is the depth of penetration of this technique, which is <0.5 mm. This limits intravital imaging to studies of the skin or necessitates the use of window chambers for deeper tissues with associated shorter-term experimental goals. The field of view associated with this technique is also very small compared with those of other whole-animal imaging techniques discussed here, and it is challenging to maintain the same field of view when multiple imaging time points are desired (photoactivatable reporters have been useful in this regard [Chudakov et al. 2007] ).
In terms of whole-animal fluorescence imaging, using either epi-or trans-illumination, fluorescent reporter transgenes have to date had relatively limited utility and have been better suited to imaging superficial and well-established tumors with very high reporter expression levels (Yang et al. 2009 ). This is primarily due to the excitation and emission wavelengths of light associated with fluorescent reporter transgenes. As shown in Figure 3 , the wavelengths of light in the visible spectrum are prone to absorption by overlying tissues, with red-shifted wavelengths performing better than those associated with the ubiquitous green fluorescent protein (GFP) reporter. Moreover, nonlabeled structures found abundantly in the body (e.g., collagen in the extracellular matrix) can generate considerable amounts of autofluorescence when these excitation wavelengths are used. Thus, even though fluorescence imaging generates significantly more light than a bioluminescence imaging experiment, the overall reduction in signal to background limits the sensitivity of the whole-animal imaging experiment. Sophisticated image-analysis methods, such as spectral unmixing (Xu and Rice 2009) and dynamic contrast enhancement (DyCE) (Hillman and Moore 2007; Hillman et al. 2011) , can be used to enhance the fluorescence signal over background. Such techniques can help to deconvolute signals arising from multiple labels, should more than one biological parameter be measured.
An important advance for whole-animal fluorescence imaging came recently with the development of reporters suitable for in vivo imaging that fluoresce in the near-infrared region of the electromagnetic spectrum (Shu et al. 2009; Filonov et al. 2011) . One is an engineered (monomeric) form of a bacteriophytochrome from Deinococcus radiodurans called IFP1.4 (excitation 684 nm, emission 708 nm). The other is a molecular dimer named iRFP (excitation 690 nm, emission 713 nm), developed by random mutagenesis of a bacteriophytochrome from Rhodopseudomonas palustris. Both reporters spontaneously incorporate biliverdin, an endogenously produced heme breakdown product, as the chromophore to generate fluorescence. Although iRFP was shown to be effectively brighter than IFP1.4 in vivo, it should be noted that both reporter transgenes are relatively dim when compared with the commonly used fluorescent reporter transgenes. Undoubtedly, their further development holds great promise for in vivo imaging, as their excitation and emission wavelengths are better suited for transmission through tissue and, with the appropriate hardware, should facilitate imaging on both micro-and macroscopic scales.
Magnetic Resonance Imaging
Magnetic resonance Imaging (MRI), as most commonly used, creates image contrast based on the spin-relaxation behavior of the 1 H nuclei of tissue water, with contrast being affected by tissue composition, water content and the presence of paramagnetic species. Other nuclei, such as 13 C, 19 F, and 31 P, can also be used with MRI, but, as the majority of the body consists of water, 1 H imaging is much more sensitive and can give anatomical detail at relatively high resolution (in preclinical studies, isotropic image resolutions of 30 µm are possible [Boretius et al. 2009]) . As the physical concepts are quite complex, a comprehensive introduction to MRI is beyond the scope of this article. However, a very readable account can be found in Gadian's NMR and Its Applications to Living Systems (Gadian 1995) .
In comparison with optical imaging, the equipment required for MRI is relatively large and expensive to operate. MRI is also a low-throughput technique (typically 5-60 min per scan per individual) and requires more training before operation of the equipment is possible. However, MRI also has some significant advantages and enables imaging of deep organs and tumors in vivo in three dimensions. Furthermore, the use of specialized imaging sequences, and also the detection of other nuclei (e.g., hemorrhage, tumor pH, and metabolism. It also has an advantage over several other whole-body noninvasive imaging modalities (PET; single-photon emission computed tomography [SPECT] ; and computed topography [CT] ) in that ionizing radiation is neither required nor generated.
Magnetic Resonance Reporters
Despite the fact that a large number of magnetic resonance (MR) reporters have been developed and described in the literature, few have ever been used to answer real biological questions. Their absence in mainstream molecular biology likely reflects the difficulty of developing effective MR reporters (Gilad et al. 2007b ) and the relative complexity of the modality. Ferritin, however, has been used in considerably more studies than other published MR reporters (Cohen et al. 2005; Genove et al. 2005; Iordanova and Ahrens 2012; Vande Velde et al. 2012) . Ferritin is a hollow spherical polymeric protein that accumulates and stores a nontoxic mineral form of iron in its internal cavity (Fig. 4) . This iron core is partially superparamagnetic, and, when present in tissue, produces negative contrast (a hypointense signal) in T 2 -weighted 1 H MR images. The advantages of this system are that a relatively large amount of contrast can be produced in comparison with other MR reporters and that endogenous iron can be used as the substrate. Disadvantages include that the contrast produced is negative (that the "signal" produced is actually an absence of signal) and that temporal resolution is low because the buildup of ferritin within the cell is rate-limited by iron availability.
Tumor models have been a popular choice for proof-of-concept studies for novel MR reporters as they provide a large imageable mass in vivo and as cancer cells are in general easy to grow and genetically modify. Perhaps there has been a resulting tendency to assume that MR reporters could be of use in answering relevant questions about tumor biology (Hasegawa et al. 2010 ), but this is not necessarily the case. For example, the utility of ferritin, or indeed any of the several iron-based MR reporter systems (Weissleder et al. 1997 (Weissleder et al. , 2000 Deans et al. 2006; Zurkiya et al. 2008; Cui et al. 2010 ) with regard to cancer, might be limited by the fact that a perturbed iron metabolism is a feature of many tumor types; iron-import proteins are up-regulated and iron-storage proteins (ferritin) down-regulated (Gatter et al. 1983; Hogemann-Savellano et al. 2003; Herbison et al. 2009; Okazaki et al. 2010) . These changes, which correlate with tumor grade (Prutki et al. 2006; Zhang et al. 2008) , increase the bioavailable iron pool available for the needs of the proliferating cell. As we have mentioned, an important property of a good reporter transgene is that it does not alter the system under observation ("theranostics" aside). Use of an iron-based reporter in a tumor model might therefore have unpredictable effects, such as increasing proliferation or the generation of reactive oxygen species via the Fenton reaction (Toyokuni 2009 ), thus potentially confounding the information provided by the reporter.
Alternatives and the Future of MR Reporters
Many published MR reporters (e.g., those used in conjunction with T 1 -weighted imaging and chemical exchange saturation transfer [CEST], and non-1 H-based MR spectroscopy or MRI), however, do not rely on iron for the production of contrast and also have certain properties that might favor their use, were it not for the low sensitivity of detection or low signal-to-background ratios from which they generally suffer.
For example, lysine-rich protein (LRP), a reporter gene product for CEST, allows contrast to be turned on and off (Gilad et al. 2007a ) and also the use of multiple "colors." Positive contrast (a hyperintense signal) can be produced by β-galactosidase in T 1 -weighted imaging (Louie et al. 2000) , which in many cases is preferable to the generation of negative contrast. Furthermore, hyperpolarized MRI has already demonstrated its value in the study of cancer (Day et al. 2007; Gallagher et al. 2008 ) and offers a potential way to increase the MR signal radically, but thus far potential reporters have only been demonstrated in vitro (Jamin et al. 2009; Chen et al. 2011 ).
Positron Emission Tomography
PET is a radionuclide-based imaging technique and is currently the most sensitive clinical imaging modality available. PET imaging (and microPET, its small-animal equivalent) relies upon the detection of trace amounts of a molecular probe (e.g., glucose or acetate) that has been labeled with a positron-emitting isotope (e.g.,
18
F or 11 C). The emitted positron (β + , the antimatter equivalent of an electron) itself is not detected. Instead, the emitted positron travels a short distance through tissue before it encounters an electron. The resulting annihilation event produces two 511-keV γ rays that travel in opposite directions relative to one another. It is the coincident detection of these γ rays by a ring of detectors that enables the location of the labeled probe to be calculated.
PET imaging can be advantageous as, unlike optical imaging, its signal is barely impeded by overlying tissue (attenuation can be mapped using CT [Kinahan et al. 2003] ). Thus the location of picomolar amounts of probe can be readily detected and accurately quantified irrespective of tissue depth (Muzic et al. 2000; Madsen et al. 2011) . As the positron travels a short distance before annihilation, the resolution of this technique is 1 mm 3 and produces images showing areas of relative signal intensity as opposed to anatomic detail. The half-life of the commonly used positron emitters is relatively short (e.g., 18 F, 110 min; 11 C, 20 min), and therefore the total exposure to ionizing radiation per scan is relatively low and should have limited influence on the biology of the model. As every positron, irrespective of the emitting isotope, produces γ rays of equivalent energy upon annihilation, PET is a "single-color" imaging modality, and the signals arising from multiple probes cannot be differentiated on the same scan. A further disadvantage of PET imaging is that it is radioactive and the handling of probes and imaging subjects is subject to much stricter regulation than that for nonradioactive imaging approaches. The production of labeled probes can also be expensive or necessitate proximity to a cyclotron. Routine microPET scans range from 10 to 60 min, depending upon whether static or dynamic measurements are being made, and multiple subjects can be imaged at once, subject to an appropriate imaging module (Aide et al. 2012) .
Several PET reporter transgenes have been developed for use in conjunction with preclinical models of cancer. Thymidine kinase derived from herpes simplex virus (HSV1-tk) is probably the best known of these (Fig. 4) and has even been used to a limited extent in the clinic. This enzyme preferentially phosphorylates radiolabeled nucleoside probes ( 18 F-labeled FIAU, FMAU, FEAU, FHGB), trapping them in the cell. It is the preferential accumulation of these probes in reporterexpressing cells that generates image contrast. Several point mutants, including HSV1-ser39tk, HSV1-tk(A168H), and a double-mutant HSV1-A167Ysr39tk (Likar et al. 2008) , have been developed with enhanced imaging properties (Gambhir et al. 2000; Likar et al. 2008; Najjar et al. 2009 ). HSV1-tk will also preferentially activate the prodrug ganciclovir over endogenous thymidine kinase, making it potentially a therapeutic transgene as well as an imaging one.
Other notable PET reporter transgenes include the sodium iodide symporter (NIS), which mediates the import of the radiolabeled probe into the cell ( I for therapy [Groot-Wassink et al. 2004; Schipper et al. 2007; Liu et al. 2012] ) and the plasma membrane somatostatin receptor (2SSTR2), which binds radiolabeled analogs of somatostatin ( 68 Ga for PET, 111 In for SPECT and 90 Y for therapy [Nicolas et al. 2011; Singh et al. 2011; Zhang et al. 2011] ).
REPORTER-TRANSGENE-BASED IMAGING IS HIGHLY VERSATILE
Over the course of research spanning several decades, many methods have been developed to regulate transgene expression in the mouse. Accordingly, these methods have been utilized to generate imaging transgenes that report noninvasively upon diverse aspects of tumor biology in vivo.
Constitutive Expression Can Be Used to Measure Tumor Burden
The vast majority of imaging performed in vivo with a reporter transgene utilizes a straightforward labeling approach whereby the reporter transgene is simply expressed at a constitutive, usually high, level in the cell type or tissue of choice. Typically, this approach enables noninvasive monitoring of the relative number and location of labeled cells in vivo. In the context of cancer models, this approach has proven very useful for following the dynamics of tumor growth and metastasis in vivo (Goldie et al. 2012) , for monitoring tumor response to treatment (Jenkins et al. 2003; Zeng et al. 2010) , and for studying the effects of adding or subtracting cancer-related gene expression on tumor biology (e.g., oncogene-addiction studies [Rakhra et al. 2010] ).
For xenograft-based tumor models, or primary tissue explant models, this labeling strategy can be achieved practically by simply transfecting or transducing cells in vitro with a vector that uses a constitutively expressed promoter to drive expression of the reporter transgene. Viral promoters, such as CMV (cytomegalovirus) or SV40 (simian virus 40), are capable of driving high levels of expression in a broad variety of mammalian cell types-but can be prone to silencing (Qin et al. 2010) . Eukaryotic constitutive promoters therefore can be preferable (e.g., EF1, CAGGS [part CMV, part chicken β-actin] for high levels of expression, or UBC or PGK for lower levels of expression). Polyclonal populations of labeled cells can be generated relatively quickly in culture, but can exhibit more heterogeneous levels of reporter transgene expression relative to pure clones. This variability can be a confounding issue for certain experimental applications such as cancer stem cell or metastasis tracking studies. Alternatively, pure clones of reporter-expressing cells can be derived, but this typically necessitates a longer period in culture, and the process of cloning itself can result in the expansion of rare variant cells that are poorly representative of the original parental population. Parameters such as proliferation rate and possibly the response to a control therapeutic should be assessed before the in vivo application of cloned cells.
Spontaneous tumors in GEM models can also be imaged with a constitutively expressed reporter to determine relative cell number. First, however, a reporter expression cassette must be stably introduced into the transgenic model. Conventionally, this has been achieved through the germline. This process can be time-consuming even if an appropriate transgenic reporter mouse strain already exists, particularly if the tumor genotype of the GEM comprises multiple segregating alleles. If no reporter strains exist, new transgenic strains can be generated and characterized in 12-18 mo.
A key consideration with this strategy is to ensure that reporter expression is restricted as much as possible to tumor cells and not to nontransformed cells within the vicinity. Achieving this greatly improves imaging signal-to-background values, thereby improving sensitivity and decreasing the lag time before tumor development can be detected unambiguously and monitored. Several tissue-specific promoters have worked well in this regard as their native expression is tightly restricted to small organs (e.g., pituitary and prostate [Vooijs et al. 2002; Lyons et al. 2006] ). This approach is poorly suited for imaging tumors that arise from relatively large organs in the mouse (e.g., liver), as baseline light emission originating from a large number of normal nontransformed cells will greatly reduce sensitivity and the ability to detect anything other than the largest and most advanced tumors.
Several laboratories have developed Cre-dependent reporters as an alternative way to achieve tumor-cell-specific reporter expression in GEM models (Lyons et al. 2003; Safran et al. 2003) . Such mice possess a silent reporter transgene that has the ability to "switch on" and express in any cell of the body following Cre-mediated recombination. Once bred onto an appropriate tumor-initiating genetic background, tissue-specific Cre lines can be used to initiate imageable tumorigenesis. Similar to tissuespecific reporters, broad Cre (and consequently reporter) expression in large organs will seriously compromise imaging sensitivity. Consequently, conditional reporter strains are likely to be most useful in the context of GEM models that rely upon adenoviral or lentiviral delivery of Cre recombinase to initiate tumor development (Kirsch et al. 2007; DuPage et al. 2009 ). Reporter expression (and tumor-initiated cells) can be limited to infected and sporadically recombined cells within the desired tissue rather than expressed uniformly throughout.
A further highly innovative Cre-dependent reporter mouse strain, termed "R26R-confetti" (Snippert et al. 2010) (based on the "brainbow 2.1" reporter [Livet et al. 2007 ]) relies upon Cre to switch randomly a tandem array of floxed red, yellow, green, and blue reporters to generate one of four colors. This approach is theoretically compatible with intravital microscopy (as discussed above in the fluorescence imaging section) and recently provided direct evidence for the existence of cancer stem cells within adenomas of the intestine (Schepers et al. 2012) . A similar stochastic approach, this time relying on the random transduction of three independent lentiviruses containing either a red, green, or blue fluorescent protein (termed "RGB imaging"), has also been used to determine tumor clonality and cell lineage tracing of both primary and metastatic lesions (Weber et al. 2011 ).
An alternative, ES-cell-based chimera approach has been described recently that greatly reduces the breeding requirements associated with the development of imageable GEMs (Heyer et al. 2010 ). This approach is attractive as, with the advent of defined media conditions (Nichols et al. 2009) , it is now relatively straightforward to generate and maintain ES cells from preexisting GEM strains. These cells therefore already possess a baseline tumor-initiating genotype and, as ES cells are also easy to manipulate in vitro, the expression of a reporter transgene can be added or the expression of further tumor-related genes can be manipulated before the generation of chimeras (Zhou et al. 2010) . Factors likely to influence the imaging sensitivity of the resultant reporter-chimeric mice will be similar to germline reporter GEMs, especially if the contribution of modified ES cells is high in the chimera. A lower ES cell contribution in the chimera therefore might be desirable in terms of improving imaging sensitivity, but might also extend tumor latency or reduce tumor penetrance. (Note too that impressive results [i.e., very low levels of background bioluminescence from nonrecombined tissue and good levels of light output following Cre-mediated recombination] have also been seen with an unpublished line developed by the Jacks laboratory and available from the NCI mouse repository [strain number 01XAC, common strain name: ROSA26-pCAGGs-LSL-luciferase, strain nomenclature:
tm2(ACTB-Luc)Tyj ].) Reporters can also be regulated by promoters possessing activities that are dependent on biological context. For example, a reporter transgene driven by the S-phase-specific E2F promoter was used to show that the mechanism of a drug was cytostatic rather than cytotoxic in a mouse model of glioma (Uhrbom et al. 2004) . Cellular responses to genotoxic stress have also been imaged in vivo using both p53-responsive (Wang and El-Deiry 2003) and p21 promoters (Tinkum et al. 2011) . Another promoter, called PEG3, has intriguingly been shown to possess tumor-specific activity (Bhang et al. 2011) . When a PEG3-regulated transgene was administered systemically to a xenograft model of lung cancer, enhanced reporter expression was observed from tumors relative to surrounding tissue and control vectors.
Coexpression and Reporter Tagging Strategies
In some circumstances, it can be desirable to use the readout of a reporter transgene to indicate the coexpression of a second, tumor-biology-related, gene. In general, this is best achieved by co-introducing the expression of both the reporter transgene and the gene of interest in the same vector and driven by the same promoter. This can be achieved in multiple ways. A fusion protein can be generated, if the gene of interest will functionally tolerate a peptide tag, by cloning both genes in cis, in-frame and removing the stop codon of the upstream gene. Most monomeric fluorescent and bioluminescent reporters will retain function with a carboxy-or amino-terminal tag, but it should be noted that not all genes of interest will retain full functionality with the addition of a large peptide domain (e.g., mStrawberry is 28 kDa). The functionality of some fusion proteins can be improved by positioning a peptide linker (e.g., polyglycine) between the genes.
Alternatively, both genes can be coexpressed from the same promoter using an internal ribosome entry sequence (IRES) (Mokrejs et al. 2006) , although it has been noted that the relative expression levels of both genes are not necessarily equal and can differ markedly (Mizuguchi et al. 2000) . This means that the extent of reporter transgene expression is not necessarily indicative of the expression levels of the gene of interest.
A further, relatively recent, coexpression strategy is to position a 2A sequence in-frame between the reporter and gene of interest (Szymczak et al. 2004) . Like the construction of a fusion transgene, it is essential to remove all but the final stop codon. 2A sequences originate from picornaviruses and are relatively short ( 20 amino acids) peptide sequences. During protein translation, a peptide bond fails to form between amino acids coded by the 2A coding sequence, but crucially translation of the mRNA continues. This results in separate and equimolar expression of both the reporter and gene of interest. This is advantageous as the relative expression level of the gene of interest can now be estimated on the basis of reporter-transgene expression levels. It should also be noted, however, that the upstream gene(s) in a 2A sequence will retain the 2A amino acids tagged to its carboxyl terminus. Again, most monomeric reporters will tolerate such a tag, whereas this might not always be the case for all genes of interest.
Using a mixture of these coexpression strategies, several laboratries have developed double and triple reporter-transgene cassettes (Kesarwala et al. 2006; Ray et al. 2007) . The general idea is to generate a single expression construct that confers the ability (and the inherent advantages therein) to image labeled cells with a variety of modalities. For example, a triple reporter comprising luciferase, HSV1-tk and GFP permits rapid and sensitive in vivo BLI, tomographic radionuclide imaging with accurate 3D image reconstruction (PET), as well as microscopy, flow cytometry, and histological identification of cells ex vivo (fluorescence) at the end of an experiment.
Short-hairpin RNAs can also be coexpressed with reporter transgenes (Premsrirut et al. 2011; Zuber et al. 2011) . Vectors have been developed whereby a micro-RNA (miR) sequence containing the short-hairpin RNA (shRNA) is positioned immediately after the stop codon of a reporter. Again, the extent of reporter-transgene expression should be representative of miR expression levels, thus providing an indirect method to visualize gene knockdowns.
Imaging Other Biological Parameters
The expression of a transgene can also be regulated at the posttranslational level, and peptide motifs conferring specific biological properties can be fused to a reporter transgene to convey unique functionality. For example, a cell-cycle-specific reporter system, termed fluorescence ubiquitination cell cycle indicator (FUCCI), has been developed by fusing peptide domains from Cdt1 and geminin to both a red and a green fluorescent protein, respectively (Sakaue-Sawano et al. 2008) . Both reporters are constitutively expressed, but only one color (protein) is stable at any point in the cell cycle, making the cell appear either red or green, depending upon whether the cell is resting (G 1 ) or dividing (S-G 2 -M). This approach has been well validated in the context of xenografted tumors, although it has been noted that FUCCI-labeled cells treated with microtubule inhibitors can result in a counterindicative readout (Kaida et al. 2011) , possibly owing to an essential role played by Cdt1 at M phase (Varma et al. 2012) .
Some genetically encoded reporters are also amenable to split-reporter strategies. That is, the reporter can be split into two inactive halves, which in turn are then fused to two independent peptide domains. Should those peptide domains come into close proximity, through binding, then the two reporter halves come together, partially restoring reporter function. Firefly (Luker et al. 2002) , Renilla (Paulmurugan and Gambhir 2003) , and Gaussia luciferases (Kim et al. 2009 ), as well as HSV1-tk , have all been split in this way. The tumor biology that these reporters have been able to report on in vivo includes c-Myc activation (Fan-Minogue et al. 2010) , Her2 pathway activation ) and the assembly of DNA double-strand-break repair complexes .
Split reporters physically connected by a "smart" peptide linker have also been developed and have been used to measure parameters such as apoptotic cell death and promitogenic signaling. The apoptosis reporter is constitutively inactive and relies upon caspase-3-mediated cleavage of the peptide linker to free both inactive reporter halves, which subsequently bind together, reconstituting reporter function (Coppola et al. 2008) . Another reporter utilizes a peptide linker that alters its conformation based upon Akt-mediated phosphorylation (Zhang et al. 2007 ). When Akt (protein kinase B) signaling is active, the linker is phosphorylated and assumes a shape that prevents the reconstitution of reporter function. When Akt signalling is chemically inhibited, however, the nonphosphorylated linker changes conformation, bringing both reporter halves into close proximity and producing light.
CONCLUDING REMARKS
Undoubtedly, the application of reporter transgenes in vivo has transformed the way that mouse models of cancer can be utilized in the laboratory. Many aspects of tumor biology, including response to treatment, can now be visualized noninvasively in the same subject, thus greatly improving the quality of the in vivo data while simultaneously reducing the number of animals needed to test a hypothesis.
In terms of the future of reporter transgenes and cancer models, new reporters with unique properties continue to be developed (near infra-red [NIR] fluorescent reporters, positive-contrast MR reporters, etc.), and the innovative ways that their expression can be regulated continues to produce ever-more-diverse biological readouts. New imaging modalities are also being developed that will be able to image new classes of reporter. For example, photoacoustic (optoacoustic) imaging (de la Zerda et al. 2012; Razansky et al. 2012) , which combines the sensitivity and spectral resolution of optical imaging with the spatial resolution of ultrasound imaging, will theoretically show enhanced contrast with genetically encoded molecules that can efficiently absorb light and convert that energy into heat.
Taken together, the preclinical application of reporter transgenes in conjunction with mouse models of cancer continues to enlighten and inform and to make a significant, albeit indirect, impact on the clinical management of the disease. 
